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^ ; Abstract 
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modified by a Z2 monopole suppression term is reinvestigated with special emphasis on the existence 
of a finite-temperature phase transition decoupling from the well-known bulk transitions. 
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I. INTRODUCTION AND MOTIVATION 



The evidence and our detailed understanding of the deconfinement phase transition in 
SU{N) gauge theories at finite temperature mainly comes from lattice gauge theories (LGT) 
formulated in the fundamental representation P,!^]- For pure LGT the transition is associ- 
ated with the spontaneous breaking of the global center Zn symmetry 0,0]: 

U4{x,X4) — >z-U4{x,X4), z E Zn for all x at X4 = fixed. 

which leaves the lattice gauge action invariant but fiips the Polyakov loop variables 

1 

Lf{x) = —Ttf YlU4{x,X4) (1) 



c 



X4 = l 

a.s Lp ^ zLp. As a consequence the standard order parameter for the deconfinement tran- 
sition is defined as 



< Lf >-- 



(2) 



where the ensemble average is taken with the Boltzmann distribution represented by the 
lattice-discretized path integral with periodic boundary conditions for the gauge fields in the 
imaginary time direction X4. The above mentioned global symmetry breaking mechanism 
provides a close analogy to spin models. In particular, the universality class of SU (2) LGT is 
that of the 3d Ising model jsf. On the other hand the origin of quark and gluon confinement 
as well as of the occurence of the finite-temperature phase transition has been seen in the 
condensation of topological excitations like Abelian monopoles 0] and center vortices 

Lattice gauge theories can be formulated in different group representations of the gauge 
fields, e.g. in the center blind adjoint representation. In this case (extended) vortices and 
Abelian monopoles are still present, but the mechanism of spontaneous Z{N) breaking is 
obviously not realized. Moreover, the adjoint representation LGT's at stron g co upling are 



strongly affected by bulk phase transitions 1^1 driven by lattice artifacts 



10|. A finite 



temperature transition - if it exists - seems to be completely overshadowed by these bulk 
transitions. 

Therefore, the question of universality in particular of the existence of the finite temper- 
ature phase transition remains an important issue. If the existence of this transition turns 
out to be independent of the group representation, then the question remains whether the 
driving mechanism related to the condensation of topological excitations is the same. 



In the past this principally important question has been studied by several groups mainly 
in the case of the mixed SU{2) — 5*0(3) = SU{2)/Zn theory realized with the Villain 
action^^^^''. Still we have not yet reached a completely satisfying answer. Nevertheless, 
over the last years there has been an interesting progress^*^"^^ worth to be reviewed at this 
conference. 

In the following Section 2 we shall shortly review SU{2) lattice gauge theories with 
different mixed fundamental-adjoint actions. In Section 3 we introduce the center-blind 
model we have further investigated, i.e. the adjoint representation Wilson lattice action with 
a Z2 monopole suppression term. In Section 4 we discuss the results of our investigations 
based on twist variables, the fundamental Polyakov loop distributions as well as on the 
Pisa disorder operator providing evidence for the existence of a distinct finite-temperature 
transition in the center-blind theory. Our conclusions are drawn and an outlook is given in 
Section 5. 



II. SU(2) LATTICE GAUGE THEORIES WITH MIXED FUNDAMENTAL- 
ADJOINT ACTION 

Among the "first day" lattice gauge theory models were also those with a mixture of 
different group representations for the plaquette contribution, e.g. for SU (2) 
— the Wilson-type mixed action ^ 

9' 4^3 



— the Villain-type mixed action 
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(4) 



p \ / p 

where ap = ±1 is an auxiliary dynamical Z2 plaquette variable. 

The non-trivial phase structure with first order bulk transitions (see Fig. ^ is governed 
by lattice artifacts: Z2 magnetic monopoles and electric vortices the densities of which can be 
defined as follows {Nc and A*"; being the number of 3-cubes and lattice links, respectively) 

^ = 1 - E-"-) ' Pc = II cTp or n sign(Tr^?7p) (5) 

c P£dc Pedc 



Pz = JJ o-p or Yl signiTi pUp) . 
Pedi Pedi 



(6) 



These lattice excitations can be suppressed by modifying the action with suppression terms 



P. 

or 



A n \ 


I T=0 


M~0 \ 


M~0 




E~0 


M~l 




E~l 







P. 

or 

P. 



A n \ 


I 




M~0 \ 


M~0 






E~0 




M~l 






E~l 








k 





FIG. 1: Schematic phase structure at T = and T > 0. 
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For the Vihain-type action the equivalence between S'0(3) and SU{2) has been proven in 
the limit of complete Z(2) monopole supression Av — * oo for {(3f = 7y = 0) 22-25,18 ^^le 
following form 



E 



'SU{2) 



twist sectors 



A J2 [ DUe^^^^''^"^^^''^l[6{l[ap-l) 

crp=±l C Pedc 



where on the l.h.s. the twist sectors are imposed by twisted boundary conditions Uy{x+L^) = 
Zf_iuUu{x), G -ni[SU{2)/'L'2\ = Z(2). On the r.h.s. the twist sectors are dynamically 

encountered, under circumstances separated by large barriers. 

The case T 7^ has been mostly studied with the modified Villain action but always 
with a non- vanishing admixture of the fundamental representation [jSp 7^ 0). Lines of a 
finite-T phase transition presumely of second order have been found in the (3v — I3f plane 
for Av > 1 and 7v > 5 [16[. Above the finite-T transition the adjoint Polyakov line {La) 



has been seen trapped into metastable states 

1 



14 



{La) 



3 

as /5y ^ 00 



(8) 
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Jahn and de Forcrand [18| related the negative La states to non-trivial twists. For demon- 
strating this they introduced 5*0(3) - i.e. center-blind - twist variables 

^ WW 5^ n ^^Sn (Trp Up) E [-1, +1] , e^^p^ = 1. (9) 

The -z^i/'s measure the Z(2) fluxes through /iz/-planes. Then the state 

Lp = Q ^ La = ^Tr^L = -i , Tr^L = (Tr^L)^ - 1 (10) 

is related to electric twist = — 1, z = l,2,3. 

Having these observations in mind we are going now to check and to illustrate this 
scenario for a center-blind modifled adjoint Wilson action. We ask how to establish a flnite 
T transition for the center-blind theory and what role do play the different twist sectors in 
this case. 



III. ADJOINT SU(2) MODEL WITH Z2 MONOPOLE SUPPRESSION 

In our investigations we have considered the Wilson plaquette action with link variables 

U^{x) G SU{2) 

S = PpY.{^- ^Trp Up\ +PaY.-{i- -X^^f Upf) + A ^^(1 - (11) 
p V / p V ^ c 

where pc = Y[p(zQc^^S^'^''^fUp. For jSp = the action S becomes center-blind 

U^{x) -1 ■ U^{x) =^ pc-* Pc- 

Fig. 121 shows the phase diagram in the f3p — /S^-plane for varying chemical potential A for 
T = 0. Obviously, the suppression of Z2 monopoles (A > 0) shifts the horizontal line down 
to smaller /5^-values. At a flrst glance the phase II seems to be disconnected from phase I 
(the ordinary confinement phase) in the range < A < 1. But see the discussion further 
below. 

If we put (3p = the emerging Pa-^ diagram looks as shown in Fig. |21 Phase I - which 
at /5p 7^ is connected with the ordinary confinement phase - is characterized by a non-zero 
Z(2) monopole density and by twist variables Q fiuctuating close to zero. On the contrary 
in phase II the monopoles become suppressed and the twist variables (meta)stable at ±1. 
The phase transition line has been established by studying the average plaquette, the adjoint 
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FIG. 3: The bulk transition line in the — A plane as seen for the lattice size 12'^ x 4. 

Polyakov loop variable < La >, the average density M of Z(2) monopoles and additionally 
the twist variables (jH} as well as their 'susceptibility' 

XtwM = K . i{~z') - {zf) (12) 

with z = Id^xtl + \zyt\ + \zzt\)- 

We found out that the bulk transition line in a certain range < A < Ac (with Ac — 0.7 
for the lattice size 12'^ x 4) shows a discontinuous behaviour of the monopole density M, 
of the average plaquette as well as of the adjoint Polyakov loop across the transition. At 
the same time tunneling between different twist sectors becomes strongly suppressed when 
passing the border from phase I to phase II. Along this line as long as A < Ac the twist 
sectors are clearly related to metastable states of the adjoint Polyakov loop. We interpret 
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the transition likely to be a first order transition in this range. 

On the contrary, for Ac < A < 0.95 the monopole density M and the average plaquette 
turn out to behave smoothly across the bulk transition line. For the average adjoint Polyakov 
loop one finds < >— on both sides of the line, i.e. phase II in this range seems to 
be also confining. This already is an indication that for larger A-values and increasing (3^ 
there should be a further (more or less horizontal) transition line hopefully behaving as a 
finite temperature transition. The 'tricritical' value Ac seems to indicate the position, where 
this additional line might join the bulk transition. We come back to this question in the 
next section. The bulk transition itself in the range Ac < A < 0.95 is visible because of the 
enhanced tunneling between different twist sectors. This we have observed for all lattice 
sizes (so far up to V = 12^). The twist susceptibility (jl!2|) has a strong peak which increases 
with increasing lattice size (see Fig. HJ. A rough finite-size scaling test shows the transition 
to resemble the 4D Ising one and, therefore, seems to be of second order. 
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FIG. 4: Electric twist histories at (3a = 0.65, A = 0.858 for 12'* (left) and twist susceptibility for 
Pa = 0.65 at varying A and lattice sizes 8^, 10^ and 12^ (right). 



IV. EVIDENCE FOR A FINITE-TEMPERATURE TRANSITION 

We observed that for sufficiently large chemical potential A > 1.0 tunneling between 
twist sectors becomes completely suppressed. We decided to run the simulations in this 
range within fixed twist sectors (mostly the trivial one). That is, we suppress the generation 
or annihilation of extended vortices (up to numbers modulo two). 
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For fixed A we carried out measurements with varying (5a- The adjoint Polyakov loop 
average {La) as a function of (3a in the zero twist sector is drawn in Fig. Its rise clearly 
indicates a transition close to (3a — 1- Frequency distributions of the local fundamental 
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Polyakov loop variable Lp{x) are plotted for two temporal lattice extensions in Fig. IHl One 
sees that the shape of the distributions clearly changes from a phase, where they peak at 
zero, to a phase, where they have two symmetric maxima away from zero. The critical /3a, 
where two maxima just occur, changes to larger values as A^^ is increasing from 4 to 6 in 
agreement with scaling. Therefore, we can conclude that a finite-temperature transition is 
really seen. In order to check the existence of the transition at finite T with an independent 



measurement we have computed also the Pisa disorder parameter l26l 271 which on the basis 

n 

of the dual superconductor model p allows to test for a condensate of Abelian monopoles 
in the confinement phase. The order operator for the condensation of magnetic charges 



is defined by modi 
insertion $ hd, b? 



ying the action at a given time-slice t by a classical Dirac monopole field 



/i(t) = exp(-/3A5(t)) 



(13) 
(14) 



(15) 
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FIG. 6: Frequency distributions of the local fundamental Polyakov loop variable Lf{x). Upper row 
for lattice size y = 4 x 16^, lower row for y = 6 X 16^, all for A = 1.0 and zero twist. 

The operator can be generahzed to the adjoint (SO (3)) action case. In the thermodynamic 
limit one expects 

^ T < T, 
= T > Te 
In practice, one measures instead 



p = ^ log(/x) = -{S + AS)\s+As + {S)\s. 



(16) 



The experience for the SU (2) and SU (3) cases tells that the latter quantity exhibits a sharp 
dip signalling the deconfinement phase transition to be driven by the breaking of a dual 
magnetic symmetry. 

Some of our results for the SO (3) case are collected in Fig. [3 
The computations show that for A = 0.7 the bulk phase transition I ^ II is correctly 
localized. For increasing A, e.g. at A = 0.85, we see simultaneous, distinct signals for the 
bulk and the finite-T transitions. At even larger chemical potential (A = 1.) we find only 
a signal for the finite-T transition. The localizations of the bulk and finite temperature 
transitions agree reasonably with those obtained with the other methods mentioned before. 
The universality class of the transition to be determined e.g. via the critical indices has still 
to be investigated. 

Having convinced ourselves that there is a finite temperature transition also in the com- 
pletely center-blind adjoint SU (2) LGT we are tempted to ask whether there is a sponta- 
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FIG. 7: Pisa disorder parameter as a function of (3a for various A values (lattice size V = 4x 12^). 
The right most figure shows additionally the case with a larger volume V = 4 x 16^. 

neous breaking of an appropriate global symmetry. If yes, what is the corresponding order 
parameter? 

For SO{3) the question means, whether there is a globally defined operator fiipping the 
adjoint Polyakov loop La — 1 <^ La — while leaving the action invariant. There 
is an approximate solution based on the dual superconductor picture assuming that the 

long-distance properties arc carried by Abelian degrees of freedom. 

Let us consider flip operators with P G SU{2) or 50(3) satisfying the conditions = 
±1, P^ — ±P . The only ones fulfilling these conditions are for 

SU{2) : P = ±l2, P= ±in-a, 

S0{3): P = +I3, P= l3 + 2(n-f)2, ( = 1 ). 

Let us assume the SU{2) or 5*0(3) fields to be Abelian (diagonal) with respect to a fixed 
'isospin' n-direction, then P applied to a given time sheet, indeed, leaves the action 
invariant, and the Polyakov loop is flipped to the other state (if its value is different from 
zero). In practice, this is realized only approximately by fixing the 3D maximally Abelian 
gauge (MAG) on each time slice X4 separately. This is achieved by maximizing the gauge 
functional with respect to gauge transformations g, e.g. for SU{2): 

F.M = E E Tr((n-a) U!{x,x^) {n ■ a) {U!{x,x,))^) . (17) 

X i=l,2,3 

The 'order parameter' is then defined as 

(Ai.,^) = cf,a { \Lf,a - Lf,a\ ) , (18) 
10 



where 

P llU^ix,x^)\. (19) 

X4 = l / 

The 'order parameter' should work as for the standard SU{2) case as well as for S0{3). We 
have checked this. Indeed, for SU{2) we obtained the results drawn in Fig. |Hlfor the order 
parameter itself as well as for its susceptibility. The susceptibility develops a peak around 
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FIG. 8: 'Order parameter' (A) (left) and its susceptibility x (right) versus (3f for (3a = 0.0, A = 
0.0. 

Pf = Pc — 2.3 as it should be. The corresponding Binder cumulant computed for varying 
3- volume has been seen to provide intersecting lines at the same jSp value. If one computes 
the corresponding 'order parameter' A for the adjoint 5*0(3) action case at A = 1. and in 
the zero-twist sector one gets a similar picture as the left one in Fig. |H1 



V. CONCLUSIONS AND OUTLOOK 



We summarize our studies by drawing the phase diagram for the modified adjoint SU (2) 
theory at T > as shown in Fig. El We see the existence of a finite temperature transition 
decoupling from the bulk transition at a position which scales in (3a as one would expect. The 
finite temperature transition was also localized with the help of the Pisa disorder parameter 
indicating that the dual superconductor scenario seems to work also for 5*0(3). Whether 



also the determination of the free energy of an extended center vortex (see references j28|,|29|) 
would also point to the same result remains to be seen. Our numerical study presented here 
is in many respects still preliminary. Larger lattices, the use of an ergodic algorithm allowing 
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FIG. 9: Phase diagram of the center-bhnd SO{'i) model with Z(2) monopole suppression term. 
The horizontal lines indicate the position of the finite temperature transition for varying time 
extension Nt = 4, 6. 

to enhance tunneling between different twist sectors and the determination of critical indices 
in order to determine the universality class require more extensive computations, until we 
can draw final conclusions. 
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